Gravity, magnetic, and electromagnetic methods are primary exploration techniques used in kimberlite exploration to define a kimberlite pipe's location and shape. Sometimes these methods produce nonunique results because of weathering of the upper part of a kimberlite pipe and its considerable inhomogeneity. Complex pipe geometries and associated faulting and fracturing may be very difficult to assess by potential-field methods. Application of seismic methods in kimberlite exploration has been limited.
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In sedimentary basins, however, kimberlite pipes are likely to be a suitable target for the application of seismic reflection methods because of the difference in elastic properties between the pipe material and the host rock. The drawback of surface seismic methods is that they are not designed for direct detection of vertical bodies such as a pipe. However, a kimberlite pipe may be inferred from seismic data indirectly by observing the termination of reflections against its flanks. Such an approach can produce good results if the sedimentary sequence is of moderate to high reflectivity.
Unfortunately, McArthur Basin sediments of the Northern Territory in Australia are quite poor reflectors (Figure 1 ). The only reflecting horizon would probably be the sandstone/black shale interface at 140 m. Near-surface conditions are also unfavorable for surface seismic because of a thick layer of bull dust, which causes poor geophone coupling. Hence, very poor seismic data quality is typical for this area. In this study, instead of attempting a conventional surface seismic reflection approach, we used modes generated by a kimberlite pipe to precisely determine its location. The single borehole imaging (SBI) method also was used for delineation of the kimberlite pipe shape at depth. By a combined analysis of P-and S-wave data recorded on the surface and in downhole experiments, the pipe's location, shape, and structure can be imaged. 500 ms @ 0.5-ms sampling interval Instrument:
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selected. One contained a broad cluster of small pipes along a 1-km line, and the other was a known single pipe with a width of 20 m. The typical lithology of a kimberlite in this basin is shown in Figure 2 . The main objective of the reflection experiment was to determine if seismic methods can detect such small-diameter pipes. The aim of the single borehole imaging experiment was to delineate the external pipe shape.
Only the results for the line recorded over the 20-m-wide pipe are shown and discussed here because the same results were obtained in both cases. Detection of a narrow pipe dictated shorter geophone station spacing and small explosive charges. The parameters listed in Table 1 were used in data acquisition.
Data analysis. Data quality was generally poor. The noise train dominated the field records. Prominent shear head waves, dispersive surface waves, guided waves, and reverberations related to the shallow laterite layer dominated the shot records. However, highly altered and weathered pipe material in the near surface had a strong effect on seismic wave propagation (Figure 3 ). Horizontally traveling seismic energy excited additional waves in the pipe itself, which could be tube wavelike modes (Figure 4 ). For simplicity, waves generated within the pipe are referred to as pipe modes (PM). The apparent velocity of the most prominent pipe mode was about 500 m/s; the P-and S-head waves propagated at relatively higher apparent velocities of 3300 m/s and 1900 m/s, respectively. Most horizontally traveling seismic energy was converted to pipe modes. Thus, the position of the pipe and its diameter could be precisely defined by the low-velocity wave modes that apparently leaked very little energy from the outside of the pipe boundaries (Figure 3) .
The P-and S-head waves were used to construct 500-mlong refraction stacks ( Figure 5 ). The position of the pipe is clearly seen on these sections. It also appears that an additional narrow pipe (about 10 m in diameter) is present about 100 m east of the known pipe location.
The presence of a pipe in reflection data may be easier to observe using various seismic attribute displays. The stacked reflection data were migrated in depth and are shown in a Perigram display (high-pass filtered amplitude envelope of a seismic trace) in Figure 6 . It is interesting to observe that the fresh kimberlite is seen in the P-wave data as a reflection shadow zone. Exactly the opposite case is observed in the shear-wave data. In fact, the first shear reflection at the pipe position appears at about 60 m, which corresponds to the top of the fresh kimberlite rock. Therefore, combined analysis of reflection P-and S-wave data, despite poor quality, may provide useful information regarding the internal
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structure of a kimberlite pipe and should be considered in future exploration programs.
Single borehole experiment. Single borehole data were acquired 50 m from a partially excavated larger diameter pipe. Ashuttle of four three-component geophones, clamped downhole, and a shot cluster of four detonators placed beneath the deepest geophone were used in the acquisition. Receiver spacing was 10 m; shot spacing was 5 m. Minimum and maximum offsets were 30 and 120 m. After the shot cluster was fired, the firing line was retrieved and reloaded/repositioned, while the shuttle was raised to the next location. The borehole was profiled at 80-175 m. Average fold was six.
In this manner, a pseudo 2-D survey was performed in the borehole. The objective was to image waves reflected from the pipe flanks. Figure 7 shows the crew experienced the Northern Territory summer conditions with temperatures reaching 50°C in the shade. Both the shot and receiver cables are lowered in the same borehole. Data quality was again poor but this time mainly because of intensive fracturing in the pipe zone. However, P-wave reflections of the pipe sides were still visible in the stacked section (Figure 8) . The low-reflectivity sequence is in fact a desirable seismic environment for single borehole imaging, unlike that required for surface seismic. The data of Figure  8 are shown in the depth-distance domain. The pipe appears to dip toward the borehole.
Conclusions.
These experiments showed that seismic methods have a good potential to assist in kimberlite pipe exploration under certain favorable conditions. Delineation of the external kimberlite pipe's shape at depth, based on a break in sedimentary P-wave reflection continuity, was not possible due to the low-reflectivity sedimentary section of the area. However, by extrapolating geophysical information from the refracted and reflected P-and S-waves and the pipe modes in the surface seismic experiment, a pipe's location, shape, and top can be detected and interpreted. Single borehole reflection surveys have great potential for delineating external pipe structure and possibly variations in its composition at depth. The full importance of the different responses of P-and S-waves to a variation in kimberlite pipe composition is yet to be tested and fully understood.
The results of this experiment showed that a single shot record may be sufficient to detect a pipe's location. Consequently, unconventional, low-cost seismic acquisition methods may be employed for kimberlite exploration in this area (e.g., fan-type shooting and/or single-fold 3-D or swath surveying). Such unconventional seismic methods may be a solution for determining the location of a pipe which does not possess a potential field signature, and for performing an economic assessment to assist mine planning of each individually detected kimberlite pipe. 
